Abstract: Ammonium excretion by planktonic copepods is an important process supplying nitrogen to primary producers and other microbial activity in pelagic ecosystems. Because of methodological constraints, conventional analyses using sealed chamber methods have required the adoption of unnatural experimental settings, such as a small container, high density, or a long incubation for ammonium excretion measurements. Therefore, most of the estimated ammonium excretion rates are potentially linked to stresses on the experimental animals during incubation. In this study, the effects of container size, density, and incubation period on the ammonium excretion rates of five copepod species (Calanus sinicus, Eucalanus californicus, Metridia pacifica, Pleuromamma abdominalis, P. gracilis) were examined using a highly sensitive analytical method that has recently been developed to measure ammonium concentration at the nanomolar level. The results indicate that responses to experimental stresses are species-specific, while incubation in a small container was generally the most significant factor causing overestimation (up to 2.6 times) of the excretion rates. This study shows that this highly sensitive analysis method, which allows short incubations with a single individual in a relatively large-sized container is an appropriate method to estimate ammonium excretion of pelagic copepods in the field using the sealed chamber method.
Introduction
The regenerated nitrogen excreted by mesozooplankton as ammonium is an important source of nitrogen not only for primary producers, but also for other microbial activity in marine ecosystems. On a global basis, nitrogen regeneration by mesozooplankton in the epipelagic ocean has been estimated to be 12-23% of the requirements for phytoplankton and bacterial production (Hernández-León et al. 2008) . The contribution of this excretion is particularly important in tropical and subtropical areas, which occupy approximately 60% of the world ocean surface area (Hernández-León et al. 2008) . Therefore, accurate estimation and measurement of ammonium excretion rates in mesozooplankton is crucial to understanding the nitrogen cycle and primary productivity on a global scale. A number of studies with direct measurements have been conducted with field-collected animals, in particular copepods, which consistently dominate the mesozooplankton community (Table S1) , while empirical models (e.g. Ikeda et al. 2001) based on direct measurement data are also often applied to estimate the ammonium excretion of copepods.
Most of the ammonium excretion rates for copepods have been measured by the sealed chamber method. In this method, copepods are confined within a chamber filled with filtered seawater and incubated for a certain period without food, and the difference in ammonium between experimental and control bottles is determined as the excretion rate after the incubation (Ikeda et al. 2000) . Because of the low sensitivity of conventional analytical methods at the submicromolar level (≥50 nM), previous studies needed to use unnatural experimental settings, such as a small container, high density, or long incubations, to obtain a measurable difference between the control and experimental bottles (Table S1 ). Consequently, unavoidable trade-offs occurred between incubation time and copepod density or container size, all of which are potential stressors to experimental animals in ammonium excretion measurements with planktonic copepods. For instance, with the conventional analytical methods, highdensity conditions (22-1818 ind. L ) were required to measure the rate with short incubations (<12 h) to minimize the effect of starvation (Fig. 1, Table S1 ). On the other hand, long incubations (12-24 h) were necessary when copepods were incubated under relatively low-density conditions (7-20 ind. L ) with a larger sized container (Fig. 1 , Table S1 ). It has been suggested that these experimental conditions have an effect on copepod metabolism (Le Borgne 1986). For instance, Nival et al. (1974) observed that Temora stylifera Dana, 1849 increased ammonium excretion rates at densities higher than 800 copepods L −1
. Smaller containers also induce variations in metabolic activities, though the details of the effects on ammonium excretion have not yet been examined. Zeiss (1963) found increased respiration rates of Calanus finmarchicus Gunnerus, 1770 within a smaller container than in a larger container. Longtime incubation is also known to induce starvation and decrease the ammonium excretion rate of copepods (Skjoldal et al. 1984) .
Recently, highly sensitive analytical methods to determine the ammonium concentration at nanomolar levels (≤10 nM) have been developed (e.g. Hashihama et al. 2015 , Kodama et al. 2015a , Whitehouse 1997 , but studies that have used them for ammonium excretion measurements in planktonic copepods are still limited (Atkinson & Whitehouse 2001 , Kodama et al. 2015b ). Since highly sensitive analyses allow measurement of the excretion rate under conditions more similar to the natural environment, i.e. lower density and shorter period than in the previous studies ( Fig. 1) , their use is expected to provide a more appropriate estimate of the excretion rate in field populations, though this advantage has not yet been evaluated adequately. In this study, the effects of container size, multipleindividual incubations, and incubation time on ammonium excretion rates of various pelagic copepods were examined by means of a highly sensitive analysis, in order to identify possible errors in ammonium excretion rate measurements with the conventional analytical methods and to discuss the advantages of highly sensitive analyses for ammonium excretion rate measurements in planktonic copepods.
Methods

Sampling
Five large pelagic copepod species (Calanus sinicus Brodsky, 1962; Eucalanus californicus Johnson, 1938; Metridia pacifica Brodsky, 1950; Pleuromamma abdominalis Lubbock, 1856 and Pleuromamma gracilis Claus, 1863), collected from six different sites around Japan and the United States, were used (Table 1 ). All copepods used in the experiments were captured from research vessels by vertically towing a 0.8-m diameter plankton net (100-µm mesh, 3-L cod end) at 0.2 m s −1 from 100 m to 0 m.
The collected animals were maintained in an insulated container with in situ surface seawater until being sorted from the bulk sample in the laboratory. The 0.2-µm filtered seawater (FSW) for incubation was prepared from seawater taken through continuous pumping from a depth of 4.5 m at the sampling sites to an outlet on the deck of the research vessels and stored in acid-rinsed incubationbottles at in situ surface temperature until incubation. As for the experiment with C. sinicus in Sagami Bay, where the ammonium concentration of ambient seawater is rela- tively high, aged seawater from a subtropical region (23°N, 137°E) was used to minimize the background and obtain data within the dynamic range of the ammonium concentration measurements.
Incubation experiment
To examine the effects of container-size, multiple-individual incubation, and long-term incubations on ammonium excretion, adult females of the dominant copepod species were sorted out from the collected samples in the laboratory within 1-3 h after capture. The sorted copepods were rinsed twice with the FSW and divided randomly into three groups. To examine the container-size effect, individuals of the two groups were individually introduced into small (30 mL) and large (100 mL) acid-washed PC bottles filled with the FSW, respectively. These were designated SS (treatments of a Single individual in a Small container) and SL (Single individual in a Large container), respectively. To examine the effect of multiple-individual incubations, four to seven individuals (Calanus sinicus: 4 ind., Eucalanus californicus: 4 ind., Metridia pacifica: 5 ind., Pleuromamma abdominalis: 7 ind.) in the other group were introduced into large bottles (100 mL) at these higher densities. This treatment was designated ML (the treatment of a Multiple individuals in a Large container). Besides these three experimental treatments, small and large containers without animals were prepared as controls (n=3-5). The bottles were then placed in an incubator at in situ surface temperature (Table 1 ) for 4 h under the dark condition, and then ammonium samples were subsampled from each bottle. After the subsampling, copepods in SL and ML treatments were gently transferred into other 100-mL bottles filled with the FSW and incubated for 20 h for subsequent evaluation of the effect of long-term incubation under dark conditions. After the incubation, ammonium samples were also subsampled from each bottle. All copepods were alive throughout the incubation except for one individual of E. californicus in the ML. The incubated specimens were preserved by freezing at −20°C for later measurement of body volume and dry weight.
Ammonium concentration
Ammonium concentrations in the subsamples were analyzed immediately after sampling using a highly sensitive colorimetric system in which the minimum and maximum detection limits were 7.2 and 1.0 10 4 nM, respectively (Kodama et al. 2015a ). This system is a continuous flow system adopting the indophenol blue reaction. By having a 1-m path length liquid waveguide capillary flow cell and a fiber-optic spectrometer, this system can detect ammonium at nanomolar levels. The individual ammonium excretion rate was calculated by subtraction of the mean ammonium concentration in the control bottles from that in experimental bottles. The individual ammonium excretion rate for long incubations was calculated as an averaged value for 24 h by combining the concentrations of ammo- nium excretion in 4-and 20-h incubations. The weightspecific ammonium excretion rate was calculated through dividing the individual excretion rate by the dry weight of specimens.
Body volume and mass of specimens
In the laboratory, the frozen specimens were thawed at room temperature (25°C), and photos were taken under a stereomicroscope to measure the length and width of the prosome and urosome using Image J (Schneider et al. 2012 ) for calculation of the body volume, assuming that the prosome and urosome have spheroid shapes with equal width and height. The samples were then dried at 50°C for 24 to 48 h to measure the dry weight of each specimen. The dry weight was determined by an electronic microbalance (MSE6.6S, Sartorius Japan K.K., Tokyo, Japan; resolution 1 µg,). As for E. californicus, the dry weight was estimated on the basis of prosome length by using an allometry equation of the length-weight relationship (Gó-mez-Gutiérrez & Peterson 1999), because of unsuccessful measurements due to loss of their body contents after thawing.
Statistical analysis
Statistical differences in the rates between the SL and other treatment during the first 4 h were examined by the two-sided Student s t test with a significance level of p=0.05. The differences in the rates between SL and ML treatments during 24 h were also tested as above. Statistical comparisons between the rates during 4 and 24 h in each treatment of the SL and ML groups were performed using the two-sided paired t-test or Wilcoxon s signed-rank test. Differences with p<0.05 were considered significant.
Results
Concentrations of excreted ammonium
Excreted ammonium in each treatment was successfully measured within the dynamic range of the analytical method (see Table S2 ). Minimum and maximum concentrations of excreted ammonium were 20 (Calanus sinicus in an SL treatment, 4-h incubation) and 7389 nM (Pleuromamma abdominalis in an ML treatment, 20-h incubation), respectively.
Container-size effect
The mean weight-specific ammonium excretion rates of Calanus sinicus, Metridia pacifica, Pleuromamma abdominalis, and Pleuromamma gracilis were significantly higher in the treatment of the single individual in a small container (SS) than in the treatment of the single individual in a large container (SL) (p<0.05, Fig. 2a, c, e, f) . On the other hand, the rates of Eucalanus californicus were not significantly different between SS and SL (p<0.05, Fig.  2b ).
Effect of multiple-individual incubation
The mean weight-specific ammonium excretion rates of Calanus sinicus and Pleuromamma abdominalis were significantly higher in the treatment of multiple individuals in a larger container (ML) than in the SL treatment (p<0.05, Fig. 2a, d ) with a 4-h incubation. The same tendencies were also found for Eucalanus californicus and Metridia pacifica, but the differences were not significant. 
Effect of experimental duration
Long incubations were found to have an effect in both the SL and ML treatments of Metridia pacifica and Pleuromamma abdominalis and the ML treatment of Calanus sinicus, where the rate decreased significantly with time (p<0.05, Fig. 3a, c, d ), while Eucalanus californicus did not show any significant differences (p>0.05, Fig. 3b) .
No significant differences between the SL and ML treatments were seen with long incubations for most copepod species (p>0.05, Fig. 2 ).
Discussion
The sealed chamber method is the most conventional method to determine the ammonium excretion rates of copepods, while it has inevitably involved a methodological trade-off between the length of the experiment and the concentration of animals, both of which could be factors hampering accurate estimations. The highly sensitive analysis employed in this study allowed the determination of the ammonium excretion rate with a single animal in a relatively large container over a short time period (SL treatment), and thus the rate for SL was used as a benchmark to examine the effects of container size, multipleindividual incubations, and long-incubation periods on the excretion rates.
Container-size and multiple-individual incubation effect
With a 4 h incubation, the weight-specific ammonium excretion rates of Calanus sinicus, Metridia pacifica, Pleuromamma abdominalis, and Pleuromamma gracilis were significantly higher in a small container (SS treatment) than in a large container (SL treatment). This increase implies that the small-sized container affected the excretion rate through stress, possibly through physical interaction with the container wall, depletion of oxygen, and/or accumulation of excreta (Ikeda et al. 2000) . We suspect, however, that the influence of the small container in increasing the excretion rate is not straightforward, because Kodama et al. (2015b) reported that C. sinicus showed no significant difference in ammonium excretion rate between 13-and 100-mL bottles during a 1-h incubation. A possible interpretation of this phenomenon is that an excessively small container (13 mL) might prohibit the swimming activity of C. sinicus, resulting in a lowering of their excretion rate. This may be true in the case of the largest species, E. californicus, in which the excretion rates did not change between SS and SL treatments. Further examination of the effect of container size on swimming activity would show the effect of the reduction of container size on metabolic rates in these species.
In the multiple-individual treatments (ML) with a 4-h incubation, Calanus sinicus and Pleuromamma abdominalis showed significant increases in ammonium excretion compared to in the SL treatment (Fig. 2a, d ). Other species also showed the same trends, though the differences were not significant. Multiple-individual incubation is commonly used for the sealed chamber method, even though such high-density conditions possibly increase the unnatural physical interactions between copepod individuals within the container (Ikeda et al. 2000) . Nival et al. (1974) ) has also been reported in Metridia gerlachei Giesbrecht, 1902 (Huntly & Nordhausen 1995 , as seen in the congeneric species M. pacifica, which showed a 1.3-fold increase in this study.
As shown in the present study, both the small container and the multiple-individual incubation increased the ammonium excretion of planktonic copepods, implying that water volume allocation per individual is an important factor inducing experimental stress. To demonstrate the differential effects of smaller container size and multipleindividual incubation on the excretion rates, the relative changes in the excretion rates in SS and ML treatments to SL treatment against their volume ratio (the ratio of the volume of the animal to the container) were calculated (Fig. 4) . The figures show that the relative changes in ammonium excretion were higher in the SS treatments than in the ML treatments (Fig. 4) . This indicates that the copepods examined in the present study are more susceptible to the effect of container size than to that of multiple-individual incubation in terms of their ammonium excretory metabolism.
Effect of experimental duration
The response of excretion rates against incubation time also varied among species, while long incubation periods without food are generally known to depress ammonium excretion in some zooplankton species due to starvation (Ikeda & Skjoldal 1980 , Skjoldal et al. 1984 . The long incubation (24 h) significantly depressed the ammonium excretion rates of Metridia pacifica and Pleuromamma abdominalis in both the SL and ML treatments (Fig. 3c, d) . Huntley & Nordhausen (1995) also observed a similar decrease in the excretion rate of Metridia gerlachei during a 12-h incubation. Steinberg et al. (2002) also reported that the excretion rate of Pleuromamma xiphias was slightly depressed from 4 to 8 h. These observations indicate that the excretion rates of both Metridia and Pleuromamma are generally susceptible to decreases with incubation time. As both genera are known to show a distinct nocturnal feeding pattern, in concert with diel vertical migration (Arinardi et al. 1990 , Batchelder 1986 ), the excretion rates would also be affected by the diel rhythm, in addition to the effect of starvation due to their limited feeding duration at night. Since these species are known to be important mediators in the transport of inorganic nitrogen and phosphorous from the surface to below the euphotic layer through vertical migration (Al-Mutairi & Landry 2001 , Hannides et al. 2009 , Morales 1999 , Takahashi et al. 2009 ), the diel change in excretion rates should be taken into account when estimating the active flux.
Calanus sinicus showed a significant decrease only during the 24-h incubation with the ML treatment (Fig. 3a) . Decreases of excretion rates with incubation time have often been reported in species belonging to the Calanidae (Nival et al. 1974 , Huntley & Nordhausen 1995 , Atkinson & Whitehouse 2001 , and they have generally been regarded as a response to starvation. In the present study, however, starvation cannot be a cause inducing the reduction of the excretion rate in C. sinicus during the long incubation, because the excretion rates in the SL treatment were invariable after a 24-h incubation. Kodama et al. (2015b) also reported that the rate of starved C. sinicus was not significantly different from that of fed individuals after 24-h incubation, while there was a temporary decrease in the excretion rates after 2 hours from introduction to the experimental condition. These observations indicate that the excretion rate in C. sinicus is more susceptible to the unnatural experimental conditions than to starvation. Therefore, one can conclude that the decrease in the excretion rate for C. sinicus in the ML treatment resulted from acclimatization to the experimental conditions with multiple individuals during the long incubation. This result suggests that the decrease with time previously reported in the excretion rates of copepods might be affected by two factors, i.e. starvation and acclimatization, since almost all experiments were conducted in multiple-individual incubations (Table S1) .
Among the species examined in this study, Eucalanus californicus exhibited a different response in excretion rate during the long incubation. Within the same condition in terms of concentration, no significant changes between the 4-and 24-h incubations were observed (Fig. 3b) . Previous studies also reported that Eucalanus spp. tend to show no drastic changes in the rate during long incubation , Gardner & Paffenhöfer 1982 . The gradual decrease in ammonium excretion in Eucalanus pileatus Giesbrecht, 1888 has been interpreted as a specific characteristic, i.e. weak adaptability to variable food conditions, indicating that this species would not be able to regulate its metabolism under no-food conditions (Gardner & Paffenhöfer 1982) . Since E. californicus also inhabits the California Current system where food concentrations are high (Bograd et al. 2010 , Smith & Lane 1991 , a similar characteristic may result in the constant excretion rates in this species in the 24-h incubation.
Conclusions
Because of the simplicity of the experimental setting, the sealed chamber method has been widely used in copepod excretion studies as a standard method, though this method has underlying experimental constraints regarding container size, copepod density, and experimental duration. This study showed that these effects are species-specific and could significantly affect ammonium excretion rate measurements in planktonic copepods. Because the experimental constraints in the sealed chamber method are attributed to lower sensitivity regarding ammonium concentration in the conventional analysis, the application of a highly sensitive analytical method will ameliorate these problems and allow more accurate measurement the metabolic rates, as shown in the present study.
With metabolic rate measurements in zooplankton, a pattern of time-dependent decrease is commonly observed with capture stress increasing the metabolic rate during the initial phase of incubation often being considered a possible cause for this pattern (Ikeda et al. 2000) . However, our results indicate that excretion rates during short incubations with a single individual in a large container are generally lower than those with a smaller container or a multiple-individual incubation (Fig. 5 ). This suggests that the stress due to being in a small container or associated with a multiple-individual incubation has a more substantial effect on the excretion rate of copepods than any possible effects of capture stress. Therefore, a short incubation with a single individual in a large container is so far the most appropriate treatment to estimate the excretion rate of a field copepod population, because prolonged incubation and acclimation in the laboratory may change the physiological and behavioral conditions of experimental animals (Ikeda et al. 2000) .
As a simplified approach to estimate the excretion of epipelagic copepods, the empirical model (Ikeda et al. 2001) in relation to copepod size and ambient tempera- ture has often been adopted (Al-Mutairi & Landry 2001 , Hannides et al. 2009 ). However, the ammonium excretion rates obtained in this study with a short time incubation with a single individual in a large container are 1.5-2.3 times higher than those estimated with the empirical model (Fig. S1) . Therefore, it is important to note that the use of the empirical model by Ikeda et al. (2001) can potentially result in the underestimation of ammonium excretion rates of copepods in the field. Although we are not able to explain the exact cause of this consistent tendency for underestimation in the empirical model at present, the model presumably has been influenced by the complex effects of a wide range of experimental settings (container size, number of animals in the container, incubation and acclimatization period) used in the series of studies upon which model construction was based (Ikeda 1974 , Ikeda & Mitchell 1982 , Ikeda & Skjoldal 1989 ; see Table S1 ).
In conclusion, our results suggest that measurements of ammonium excretion with a highly sensitive analytical method can be done in a large container for a short incubation period and that this gives more reliable estimates than the other experimental conditions tested here. Measurement with a single specimen is particularly recommended because it minimizes the efforts of sorting of experimental animals, and this would be more important in smaller species, which have lower starvation tolerance.
